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Abstract
Establishment of a lunar or Martian outpost necessitates the development of methods to utilize in
situ mineral resources for various construction and resource extraction applications. Fabrication
technologies are critical for habitat structure development, as well as repair and replacement of
tools and parts at the outpost. Herein we report the direct fabrication of lunar regolith simulant
parts, in freeform environment, using lasers. We show that raw lunar regolith can be processed at
laser energy levels as a low as 2.12 J mm -2
 resulting in nanocrystalline and/or amorphous
microstructures. Potential applications of laser based fabrication technologies to make useful
regolith parts for various applications including load bearing composite structures, radiation
shielding, and solar cell substrates is described.
Introduction
Learning how to utilize in situ resources on the Moon is very critical to expanding human
presence to Mars and across the solar system. Effective in situ lunar resource utilization for
structures, materials, power generation, and other developments will reduce logistics and extend
mission durations, and thus increase mission efficiencies as well as science return. Lunar regolith
contains important materials that can be used for in situ resource utilization (ISRU) on the Moon,
thereby providing for substantial economic savings for the development of a permanently staffed
outpost. The Exploration Systems Architecture Study' (ESAS) identified processing of raw
regolith on the Moon as a critical area of ISRU that would provide significant benefits to future
robotic and human exploration to the Moon. Molten oxide electrolysis process has been proposed
to process raw regolith to produce oxygen for life support, silicon for solar cells, reactive metals
for advanced storage batteries, and steel and aluminum for construction 2 '3 . Alternatively, some
studies have been performed to develop methods to use lunar regolith as a construction4 "7,
electronic substrate $, radiation shielding9' 10, refractory" and heat shield" material. In situ
Fabrication and Repair (ISFR) using locally provisioned and/or locally refined materials on the
Moon require state-of-the-art fabrication technologies to support habitat structure, mechanical
parts fabrication, and repair and replacement of ground support and space mission hardware
(such as life support items and launch vehicle components). The processing or fabrication
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methods used so far in the development of useful products from lunar regolith require extensive
tooling and the cost of transporting them from Earth to the Moon would be prohibitively
expensive. Moreover, fabrication of construction elements 4-6,10, tools/parts and electronic
substrates  from lunar regolith via conventional processing such as melting/sintering would be
highly energy intensive. Therefore, the fabrication hardware that does launch to the Moon must
be mass and energy efficient.
Advanced manufacturing routes based on additive manufacturing (AM) technologies can be
implemented to fabricate net shape parts, tools and other necessary items using in situ materials.
Fundamentally, AM technologies produce complex-shaped three-dimensional (3D) objects
directly from computer-aided design (CAD) models by successive addition of material(s) in
layer-by-layer fashion without the use of specialized tooling, molds, or dies. The result is a net
shaped part ready for cleaning and minimal post-fabrication finishing. Therefore, the application
of AM technologies can significantly benefit ISFR on the Moon. Some studies 12,13 evaluated the
capabilities of AM technologies to produce metal based parts/components for ISFR. The metal
feedstock such aluminum, iron, and titanium can be produced via Molten oxide electrolysis of
lunar regolith2 . However using raw regolith without any beneficiation as fabrication feedstock
could be more appropriate/economical. In addition, due to the absence of hydrolytic weakening
processes on the moon and in the hard vacuum of free space, lunar materials and their derivatives
such as lunar silicate materials may possess very high geomechanical strengths compared to
equivalent materials on earth. Thus, possible substitution of lunar silicate materials for structural
metals in a variety of space engineering applications enhances the economic utilization of the
moon 14-11. Such substitution or direct use of raw regolith is not without its technological
challenges. Herein we report successful fabrication of bulk, near net shape, lunar regolith
simulant parts using a laser based additive manufacturing technology.
The intrinsic feature of laser processing of materials is that, at a certain time, only a small
volume of the material is thermally treated, resulting in extremely high-temperature gradients
within the sample. Unlike metals, direct laser fabrication of raw lunar regolith is difficult due to
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thermal transient stresses and residual stresses associated with melting/resolidification and the
considerably high melting point of ceramics. Thermal stresses that arise from the contraction can
cause distortions and possibly failure by delamination or cracking. It is also believed that the raw
regolith will require a binder material in order to get the best possible melt during direct part
manufacturing in a freeform environment 17 . In spite of these adversities, herein we demonstrate
direct fabrication of bulk parts from raw lunar regolith simulant (JSC-lAC) using lasers. The
lunar regolith simulant, Johnson Space Center-lAC (JSC-lAC) used in this study was obtained
from Orbital Technologies Inc. Madison, WI. JSC-lAC has been designed to be chemically and
mineralogically similar to lunar mare regolith",ls JSC-lAC contains almost half silicon oxide
with the aluminum oxide, calcium oxide, iron oxide and magnesium oxide comprising the
majority of the balance19 . The primary mineral component is the plagioclase solid solution series.
Olivine and pyroxene minerals are also present. The as-received JSC-lAC simulant with particle
size 6 5 mm has been screened to a particle size in the range of 50 and 150 µm suitable for Laser
Engineered Net Shaping (LENS TM) equipment.
Results and Discussion
Initially, a series of experiments were conducted using different laser powers (50 — 200 W), scan
speeds (10 — 30 mm s "1 ), and powder feed rates (10 — 20 g min -) to optimize process parameters.
Since the laser absorption of materials is directly proportional to their electrical resistivity,
untreated regolith, an insulator, can absorb and retain a large amount of incident laser energy.
Therefore, complete melting of regolith powder was observed at a laser power as low as 50 W.
Further increase in the laser power beyond 50 W, resulted in severe spreading of liquid regolith
during layer-wise deposition due to low melt viscosity. Similar observations were made with
decreasing scan speeds and powder feed rates during deposition. The results of our initial
rigorous experimentation indicated successful melting and deposition of raw lunar regolith is a
function of incident laser energy, which depended on laser power, scan speed and powder feed
rate. Dense parts without any macroscopic defects were produced at laser energy levels as a low
as 2.12 J mm 2, corresponding to a laser power of 50 W, a scan speed of 20 mm s "1 , and a powder
feed rate of 12.36 g min- '. Figure la shows typical lunar regolith (JSC-lAC) parts fabricated by
direct melting of raw regolith powder using Laser Engineered Net Shaping (LENS TM). The parts
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exhibited no visible cracks but sequential deposition of material layers produced distinct layered
structure along the part axis. The smooth and shiny surface of regolith parts indicated complete
melting and resolidification of lunar regolith simulant during laser processing. The bulk density
of parts was between 92% and 95% of theoretical density of lunar regolith simulant (JSC-lAC).
(a)	 (b)
Figure 1. Typical lunar regolith simulant (JSC-lAC) parts made using LENS TM. High
magnification Field Emission Scanning Electron Microscopy (FESEM) image showing
nanoscale microstructural features in the LENS TM processed parts.
Figure lb shows nano scale microstructure with grain size in the range of 30-100 nm formed in
LENSTM processed JSC-lAC parts. The formation of fine microstructural features in laser
processed regolith parts was attributed to the inherent rapid cooling rates, typically between 103
and 105 K s-1 , associated with laser processing. High cooling rates might also form non-
equilibrium or amorphous phases during solidification. Since the present regolith simulant (JSC-
lAC) contains — 50% silicon oxide, it was expected to form an amorphous phase during laser
processing due to its inherently high cooling rates. The X-ray diffraction pattern of LENSTM
processed lunar regolith (JSC-lAC) parts and JSC-lAC feedstock powder is shown in Figure 2.
Feedstock lunar regolith simulant showed the presence of crystalline pyroxene, anorthite
plagioclase solid solution series, olivine, and ileminite phases. However, it appeared that after
laser processing, the regolith lost its crystalline structure and exhibited broad and possibly very
weak crystalline peaks. These results suggest that laser processing transformed crystalline
regolith in to nanocrystalline and/or amorphous regolith structures. It is hypothesized that laser
processing homogenized the JSC-IAC lunar regolith simulant as result of complete melting and
resolidification. The regolith parts with extremely fine microstructural features exhibited a high
hardness of 500 ± 18 Hv, which was comparable with that of conventional soda lime glass (545
± 20 Hv). However, it is believed that nanosized microstructural features could potentially
enhance the fracture toughness of laser processed regolith parts.
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Figure 2. X-ray diffraction comparing fine and amorphous structures of LENS TM processed
lunar regolith simulant (JSC-lAC) parts to crystalline JSC-lAC powder.
To complement the XRD measurements and to determine possible formation of amorphous
phase, the as-received powder and LENS TM processed samples have been characterized using
differential scanning calorimetry (DSC). Figure 3 compares the DSC data of LENS TM processed
sample with that of as-received JSC-lAC powder. Both samples exhibited very small second
order endothermic event characteristic of the glass transition (Tg) followed by one exothermic
peak associated with crystallization (Tc) and melting between 1120 and 1160°C. The presence of
endo- and exothermic peaks confirmed the presence of small amount of glassy phase in both
samples. The crystallization peak of starting feedstock powder shifted to higher temperatures as a
result of laser processing. The crystallization occurred between 830 and 930°C (peak
temperature: 894°C) for laser processed regolith samples, and it was between 750 and 890°C
(peak temperature: 810°C) for feedstock powder. Present Tg and Tc temperatures of feedstock
lunar regolith simulant (JSC-lAC) were close to the literature values of this material 20 . Another
significant difference between the feedstock powder and laser processed regolith was the area
under the crystallization peak. Since the area under the crystallization curves is related to the
amount of glass content, it can be inferred that the laser processed sample released more
exothermic energy than as-received powder. The exothermic energy of regolith increased from
27.85 J g 1 to 36.01 J g-1 due to laser processing. High magnitude of exothermic energy after
laser processing suggests formation of some non-equilibrium/amorphous phases in JSC-lAC
lunar regolith simulant.
Formation of glassy/amorphous structure during laser processing depends on achievable cooling
rates as a function of laser parameters. In general, lower heat input increases the thermal
gradients near the melt zone and consequently high cooling rates can be achieved. Although the
local cooling rate is not directly measured in the present work, within the melt zone the cooling
rate, dT/dt (K s -1 ), can be expressed as the product of solidification velocity R (mm s- ) and the
local temperature gradient G (K mm-1 )21 . Experimentally it has been shown that R is on the order
of laser scan speed (v) 22 (20 mm s-1 for the defect free samples made in the present work) and G
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is on the order of — 100 K min-1 23. Thus under present experimental conditions, the cooling rate
in the melt zone is expected to be on the order of — 2000 K s' 1 , which was responsible for the
formation of glassy/amorphous structure in the LENSTM
 processed parts. However, better
estimation of cooling rates should take into consideration of the thermal conductivity of
substrate/deposit materials, incident laser energy, temperature variation within the melt zone and
substrate or prior deposit temperature.
Figure 3. DSC results showing the crystallization behavior of LENS TM
 processed and as-
received lunar regolith simulant (JSC-lAC).
XPS was performed on a Thermo Scientific K-Alpha X-ray spectrometer at a base pressure of 1
x 10"9 mbar using an Alka source at an energy of 1486.6 eV. The analysis was performed on
three specimens from the before and after processing sample sets. The mean relative atomic
concentrations of the detected elements in each sample set was summarized in Table 1. From
this data, it was observed that the main difference between the before and after LENS prepared
samples was an increase in the carbon, aluminum, sodium, and calcium concentrations after
processing. Carbon is always present on the surface of any sample that has been exposed to
atmosphere, whether due to handling contamination or chemi- or physiabsorbed CO and CO2,
and has been detected in previous analyses of JSC-1A24. The values of the aluminum and sodium
concentrations, however, were within the standard deviation of both sample sets. However
increases in carbon and calcium concentrations were noticeably larger in the processed samples.
Higher resolution scans of the Cls and Ca2p peaks were performed on the before and after
processed samples. The peak positions were referenced to the standard carbon Cls peak at 286.5
eV,25 and the overlay spectra are shown in Figures 4 and 5. The data summary is shown in
Table 2.
Table 1. Relative atomic concentrations derived from the XPS data
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Sample 01s Mg1s Si2p AI2p C1s Na1s Fe2p Ca2p Ti2p
Before 58.09 2.64 13.26 4.85 11.49 2.85 3.72 2.51 0.58
After 52.04 2.26 11.97 5.11 19.21 3.58 2.35 3.09 0.38
Figure 4. XPS overlay spectra of the Cls peaks for the before (red) and after processed (green)
samples
Figure 5. XPS overlay spectra of the Ca2p peaks for the before (red) and after processed (green)
samples
Table 2. Peak positions of the C 1 s and Ca2p peaks
Sample C1s Ca2p
Before 284.6 eV 347.83 eV
After 284.6 eV 347.19 eV
From Figure 5, there is a shift to lower binding energy of the Ca peak positions, indicating the
Ca has been reduced from a higher state to what corresponds to CaCO3 . 26 The conclusion is that
the carbon in the samples reacted upon processing with the calcium in the plagioclase
(NaAlSi308/CaAl2Si2O8) that is present in JSC-IA forming CaCO 3 that has diffused to the
surface of the particles and constitutes the major surface compositional difference between the
as-received and processed JSC-IA.
A combination of laser parameters resulting in a 2.12 J mm -2 laser energy appeared to be ideal
for generating a melt pool necessary for lunar regolith powder deposition without excessive
liquid pool spreading and cracking of solidified parts. While current experimental results clearly
demonstrated that net shape regolith simulant parts can be fabricated using LENS Tm by exploiting
its capabilities, it is still important to carry out further investigations to make larger parts, lunar
regolith coatings, and composites reinforced with lunar regolith. Such investigations would
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likely to expand the potential of LENS'' as an efficient tool to explore fabrication and repair of
parts using unprocessed lunar regolith. Other potential application of laser processing include
fabrication of lunar regolith substrates for solar cells $, lunar regolith coatings on habitat
structures for shielding against space radiation° lo, and lunar regolith reinforced metal matrix
composites for critical load bearing parts/structures. Finally, further critical evaluation of
physical, mechanical and functional properties of laser processed lunar regolith is very
important.
Conclusions and Future Work
Preliminary results described within this report demonstrated the feasibility of manufacturing
ceramic parts from lunar simulant through LENS processing. More work will need to be
performed to develop more complex articles, such as hinging joints that characterize the
interconnected elements of a non-textile mat lo as shown in Figure 6, that could be shaped from
terrestrial and extraterrestrial mineral compositions. Martian soil simulants will be the focus of a
future case study.
Methods
The lunar regolith simulant used in this study, Johnson Space Center-lAC (JSC-lAC) with
particle size S 5 mm, was screened to a particle size in the range of 50 and 150 µm suitable for
Laser Engineered Net Shaping (LENSTM) equipment. Bulk lunar regolith structures were
fabricated using a LENSTM-750 (Optomec, Albuquerque, NM) unit with a 0.5kW continuous
wave Nd—YAG laser on a 3-mm-thick aluminum alloy substrate. LENST", processing was carried
out in a glove box containing argon atmosphere with oxygen content less than 10 ppm. Initially,
a series of experiments were conducted using a layer thickness of 254 µm at different laser
powers, scan speeds, and powder feed rates to optimize the process parameters. Dense parts (8-
10 mm, height 25-30 mm) without any macroscopic defects were produced at a laser power of 50
W, a scan speed of 20 mm s -I , and a powder feed rate of 12.36 g min- '. X-ray diffraction (XRD)
was carried out to identify the phases using a Siemens D 500 Kristalloflex diffractometer
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(Siemens, Madison, WI) with a step size of 0.05 and a 20 range of 20-60°. Differential scanning
calorimetry (DSC) was done using Netzch, STA-409PC thermal analyzer (Netzch, Burlington,
MA) at a heating rate of 10°C min-' under flowing air. After being polished, the cross sectional
microstructures of LENSTM processed regolith parts were characterized using Field Emission
Scanning Electron Microscope (FESEM, FEI-SIRION, Portland, OR). Vickers microhardness
measurements were performed on laser processed regolith samples using a 200 g load and a
holding time of 15 s, and the average value of 10 measurements was reported.
Figure 6. Conceptual interlocking ceramic matlo
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